Abstract-Mobile gait analysis focuses on the automatic extraction of gait parameters from wearable sensor data. However, development of algorithms for this task requires kinematic data with accurate and highly synchronous ground truth. In this paper we present a wireless trigger system which allows reliable synchronization of wearable sensors to external systems providing ground truth. To demonstrate the applicability of the system for mobile gait analysis, a Shimmer wireless sensor node with inertial sensors was mounted at the heel of a running shoe and synchronized with an external VICON motion capturing system using the wireless trigger system. Inertial sensor data were recorded during walking and running with the shoe, while kinematic and kinetic ground truth was acquired from the synchronized VICON system. Evaluation of delay and jitter of the system showed a mean delay of 2 ms and low jitter of 20 us. Recording was highly synchronous and the collected kinematics had a correlation of up to 0.99. In the future the proposed system will allow the creation of a database of inertial data from human gait with accurate ground truth synchronization.
I. INTRODUCTION
Recently, wearable inertial sensors in the form of Body Sensor Networks (BSNs) [1] have gained high importance in human activity monitoring and gait analysis. Wireless sensor nodes like Shimmer [2] are used to detect the current activity or to provide gait parameters from inertial sensor data [3] . Such mobile motion analysis systems are also becoming important in clinical practice, e.g. for the assessment of movement disorders [4] , [5] . They are also a widely used research tool in sports research or biomechanics [6] , [7] . Gait parameters derived from such systems are used in many studies, e.g. for statistical comparison or to differentiate groups using classification algorithms. Examples include activities of daily living [3] , the physiological state of athletes [8] or movement disorders like Parkinson's disease [9] , [10] .
The gold standard for motion analysis are marker based 3-D motion capturing systems, which can directly provide gait parameters like the time of foot-to-ground contact, ground clearance, stride length and step rate. However, when using mobile sensor systems for gait analysis, specialized algorithms are required to estimate the parameters from the inertial sensor data [11] . In order to develop and evaluate such algorithms, synchronous ground truth with inaccuracies in the millisecond range are needed. This is a challenging task for BSNs, as wireless transmission can introduce unpredictable delays [1] .
One possible solution for this problem is to employ a clock synchronization, which is a standard task in wireless sensor networks [1] , [12] . Examples are the Berkeley algorithm, Network Time Protocol and Precision Time Protocol [12] . Protocols specifically designed for wireless sensor networks are the Lightweight Time Synchronization Protocol, Reference Broadcast Synchronization, the Flooding Time Synchronization Protocol or Hierarchy Referencing Time Synchronization [12] . However, these protocols require a estimation of the wireless delay, which is usually done by exchanging messages. Hence an active bidirectional link is required at all times, which reduces battery life and reduces the communication bandwidth available for data transmission. Clock synchronization is also only provided between nodes of the network (internal time synchronization) and not with an external system (external event synchronization). Hence an additional node for the external system is required. This introduces further cost and an additional point of failure, especially as the subject must stay in communication range.
Full clock synchronization is also not required for synchronous recording of kinematic data. Instead it would be enough if the external system would send a synchronization signal to the mobile sensor node. For this a separate wireless link with known delay and very small jitter could be used to send a short trigger pulse, e.g. when the subject crosses a light barrier (event synchronization), or by sending a signal at regular time intervals (continuous synchronization). Such a system would enable the synchronous recording of kinematic of human motion while at the same time providing high accuracy ground truth from an external system. The purpose of this paper is to present a wireless trigger system connected to a wearable sensor that allows recording of human gait with high accuracy ground truth synchronization. We thoroughly evaluate the trigger delay and compare measured kinematics for walking and running to a gold standard system. In the future the proposed system will allow the creation of a database of inertial sensor data from human gait with accurate ground truth synchronization.
II. METHODS
The main components of the system are a wireless trigger system and a modified Shimmer sensor node mounted to the heel of a running shoe ( Fig. 1 and 2) .
A. Wireless Trigger System
The wireless trigger system is based on a commercial trigger system (Yongnuo, Hong Kong, P.R. China), which is usually used to synchronously trigger multiple photographic 34th Annual International Conference of the IEEE EMBS San Diego, California USA, 28 August -1 September, 2012 flashlights from a single camera. The photographic application is similar to the task of external event synchronization with respect to the requirements on latency and jitter. The system consisted of a RF-600TX transmitter and one or more RF-602RX receivers ( Fig. 1 left and right). The system was chosen as it was portable and reasonably small.
To adapt the system some modifications were necessary. The transmitter was fitted with a connector for the input trigger signal and modified to support a range of input voltages. A power switch was integrated and the button was modified to allow manual triggering. The receiver was also modified to be compatible with the employed sensor node. All modifications were fitted into the original housings.
The final wireless trigger system can be connected to any external system that provides a synchronization signal. When an external trigger pulse is sent to the input of the transmitter, a short coded signal is transmitted in the 2.4 GHz band. This signal is received by all receivers, which generate a 100 ms trigger output signal.
B. Shimmer Sensor Node
To enable recording of kinematic data, a sensor node from the Shimmer BSN development platform [2] (Realtime Technologies Ltd., Dublin, Ireland) was employed ( Fig. 1 middle) . The battery powered nodes had a low power MSP430F1611 microcontroller (Texas Instruments, Dallas, Texas, USA) and Bluetooth wireless connectivity. The system was chosen as it was small and lightweight and could be easily extended with additional sensors.
The node integrated an MMA7260Q 3-axis accelerometer (Freescale Semiconductors, Austin, Texas, USA) with 6g range. In contrast to standard configuration, the sensor node was additionally equipped with IDG-650 and ISZ-650 gyroscopes (InvenSense, Sunnyvale, California, USA), which provided 3-axis angular velocities with a maximum range of 2000
• /s. This modification was done as the default gyroscopes only provided a range of 500
• /s, which was not enough to capture the high angular velocities during running. Together this allowed recording of inertial sensor data with 6 degrees of freedom (6-DOF).
The sensor node was modified to allow connection of the wireless trigger receiver to an input port. To include the trigger signal into the data collection, the original open source firmware was modified to sample and record the trigger signal along with the other signals and to transmit all data to a PC using Bluetooth. This allowed exact association between the trigger signal and the recorded sensor data.
C. Running Shoe Integration
To create a wearable system for the recording of human foot kinematics, the sensor node was mounted to the heel of a running shoe (Fig. 2 ). An adidas adiZERO T M Boston running shoe (adidas AG, Herzogenaurach, Germany) was modified with a special heel cap to firmly attach the node to the posterior side of the right heel. The trigger receiver was fixed to the ankle of the subject using a Velcro band and connected to the sensor node using a flexible cable.
To allow recording of kinematic ground truth with an external VICON (Oxford Metrics Group, Oxford, UK) motion capturing system, additionally three reflective markers were added to the posterior, medial and lateral sides of the sensor node to form a triangle in the transversal plane (Fig. 2) . 
III. EVALUATION

A. Trigger Accuracy
The latency and jitter of the wireless synchronization system were evaluated before using the system for kinematic recording. A function generator was used to generate a series of trigger pulses at a frequency of 1 Hz. These pulses were received by three modified trigger receivers (R1, R2 and R3) over a time period of 15 minutes, amounting to over 900 triggers. This test was done separately for a total of three transmitters (T1, T2 and T3). All signals were connected to an oscilloscope (Tektronix Inc., Beaverton, Oregon, USA), which was used to calculate the mean and standard deviation of the trigger delay for all transmitter-receiver combinations.
B. Foot Kinematics
To perform an evaluation in a realistic setting, the system was used for synchronous recording of human gait. A single subject wearing the instrumented shoe performed a total of 8 trials each while walking (at 1.8 m/s) and running (at 4 m/s) along a predefined track. Running speed was controlled using a light barrier. During the trials 6-DOF inertial sensor data were recorded from the Shimmer sensor. At the same time the VICON system was used to record the motion of the three reflective markers. Both systems recorded at a sampling rate of 200 Hz. Angular velocity signals were filtered with a 10th-order Butterworth low-pass filter with 100 Hz cutoff frequency to reduce noise. Additional force data were recorded synchronously at 2000 Hz from a force plate (Kistler, Winterthur, Switzerland). A light barrier at the beginning of the capture volume was used to synchronously start the VICON recording and the wireless transmitter.
For each trial, a single step was extracted from both the VICON and Shimmer recordings. Each step started at the trigger signal and was cut to 600 ms for running and 800 ms for walking. Foot-to-ground contact time was extracted from the force plate data using a threshold of 10 N. For comparison, both systems were used to compute the angular velocity and the angular orientation of the sensor. The VICON system directly computed the angular orientation from the marker positions, while the angular velocity was acquired by differentiation. The gyroscopic data directly represented the angular velocity, while the angular orientation was computed by integrating the angular velocity signal. Due to the lack of a suitable integration constant angular orientations were computed relative to the initial position from the VICON.
Signals were visually compared to assess the quality of the recording. Pearson's linear correlation coefficient was computed between the VICON and Shimmer recordings along all three body axes. Results were averaged for all trials during walking and running, respectively. To test for an eventual asynchronicity between both systems additionally the crosscorrelation function between the signals was computed and used to compare correlation on time-shifted signal versions.
IV. RESULTS
A. Trigger Accuracy
Tab. I shows all results from the evaluation of the wireless trigger accuracy. For all transmitter-receiver combinations the mean trigger delay was 2 ms, while the standard deviation was in the range of 20-194 us. Fig. 3 shows an example recording of the angular velocity and the angular orientation from both systems, together with the corresponding foot-to-ground contact time. Both systems showed a high visual resemblance. Tab. II shows the mean correlation in the three axes during the running and walking trials, respectively. Correlation was high in the sagittal plane with a mean correlation coefficient of more than 0.99. The other planes showed a lower correlation with better results in the frontal plane than in the transversal plane. Inspection of the cross-correlation showed that the correlation between the signals was always highest at the original location. Hence no time shift could be found. V. DISCUSSION The evaluation of the trigger accuracy showed that the mean trigger delay of the wireless system was 2 ms, with only slight variations for the sender-receiver combinations. The jitter of the trigger delay over multiple triggers was small for most combinations, resulting in a consistent mean standard deviation of 20 us for sender T1 and 53 us for sender T2. When using sender T1 or T2 the mean, minimum and maximum trigger delay was the same for all three receivers, hence all were triggered at the same time. This was not the case for sender T3, which showed inconsistent trigger times and also had a considerably higher standard deviation of 193 us. This shows that the trigger consistency is mainly dependent on the sender module. T1 and T2 showed a small and constant trigger delay with minimum jitter, hence they can be used for the synchronization task. T3 did not meet these requirements. This was probably due to variability in manufacturing or damages during modification, however this must still be evaluated.
The goal of the kinematic evaluation was to demonstrate how the system could be used in a real world synchronous kinematic recording setting. Results showed that the wireless trigger system allowed to synchronize both the inertial sensor data from the sensor node at the heel and the kinematic data from the VICON system. Qualitative inspection of the angular velocity and orientation demonstrated a high visual resemblance between data from both systems. Quantitative evaluation showed a correlation coefficient of more than 0.99 in the sagittal plane. However, the frontal plane during walking and the transversal plane during running had lower correlation. The reason for this was most probably the quite low angular velocity of the foot motion in these planes. This could have led to bad signal to noise ratio in both systems. As the gyroscope range was 2000
• /s using a 12-bit ADC, the quantization error was already in the range of 0.5
• /s. This could be solved by using different gyroscopes or sensor fusion. Another problem might be that the segment defined by the markers was not perfectly aligned with the axis of the inertial sensors. This problem could be addressed by a calibration approach. Correlation was higher for the angular orientation than for the angular velocity in some planes, suggesting the gyroscope integration introduced less noise than the VICON differentiation. Contrariwise the orientation in the frontal plane during walking had lower correlation than the angular velocity. This could be related to the used filters or the lower signal to noise ratio in these planes. Data from the accelerometer could not be used, as the maximum range was exceeded during the tests, leading to a saturation of the sensor. This needs to be addressed in future work.
Cross-correlation analysis confirmed that there was no noticeable synchronization error. As the cross-correlation between both systems was always highest at the initial position, we concluded that synchronization was successful within the time resolution of the systems. As the sampling interval of 5 ms was higher than the average trigger delay of 2 ms, we did not compensate for the trigger delay. However, if the sampling rate was higher, a delay compensation is required. As the trigger delay is nearly constant, this can be achieved by shifting the signals by the mean trigger delay. This is a major advantage, especially when compared to Bluetooth, which has a larger and unstable transmission delay that is hard to compensate.
Compared to other existitng synchronization solutions, the presented wireless trigger system allows highly accurate event synchronization without the overhead of a synchronization protocol. As no constant communication over a wireless channel is needed, this extends battery life and reduces required bandwidth. However, the timing accuracy of the following samples highly depends on the clock and sampling rate stability of the used systems. In our case, the sampling rate of the VICON system was generated by a high accuracy clock in the VICON hardware, but the sampling rate on the Shimmer node was generated by a 32.768 kHz clock crystal, which cannot provide an exact sampling rate of 200 Hz. Hence the synchronicity of both systems will be lost over time. To compensate this a continuous synchronization is required.
In summary the evaluation demonstrated that the system can record foot motion synchronized to external ground truth with high accuracy in a real world setting.
VI. CONCLUSION
In this paper we have presented a wearable sensor system that allows recording of human foot kinematics with high accuracy ground truth synchronization by combining a shoemounted Shimmer sensor with a wireless trigger device.
We showed that the system can be successfully used for synchronous recording of inertial sensor data and that it had good correlation to external kinematic ground truth. The system had a consistently low trigger delay and very small jitter, making it an ideal choice for external event synchronization. This will allow the creation of a database of human gait data with accurate ground truth synchronization.
Future work will focus on smaller external sensors, the downsizing and integration of the trigger system into Shimmer and a continuous synchronization method for long-term recording.
